Abstract. Transportation sustainability is adversely affected by recurring traffic congestions, especially at urban intersections. Frequent vehicle deceleration and acceleration caused by stop-and-go behaviours at intersections due to congestion adversely impacts energy consumption and ambient air quality. Availability of the maturing vehicle technologies such as autonomous vehicles and Vehicle-To-Vehicle (V2V) / Vehicle-To-Infrastructure (V2I) communications provides technical feasibility to develop solutions that can reduce vehicle stops at intersections, hence enhance the sustainability of intersections. This paper presents a next-generation intersection control system for autonomous vehicles, which is named ACUTA. ACUTA employs an enhanced reservation-based control algorithm that controls autonomous vehicles' passing sequence at an intersection. Particularly, the intersection is divided into n-by-n tiles. An intersection controller reserves certain time-space for each vehicle, and assures no conflict exists between reservations. The algorithm was modelled in microscopic traffic simulation platform VISSIM. ACUTA algorithm modelling as well as enhancement strategies to minimize vehicle intersection stops and eventually emission and energy consumption were discussed in the paper. Sustainability benefits offered by this next-generation intersection were evaluated and compared with traditional intersection control strategies. The evaluation reveals that multi-tile ACUTA reduces carbon monoxide (CO) and Particulate Matter (PM) 2.5 emissions by about 5% under low to moderate volume conditions and by about 3% under high volume condition. Meanwhile, energy consumption is reduced by about 4% under low to moderate volume conditions and by about 12% under high volume condition. Compared with four-way stop control, single-tile ACUTA reduces CO and PM 2.5 emissions as well as energy consumption by about 15% under any prevailing volume conditions. These findings validated the sustainability benefits of employing next-generation vehicle technologies in intersection traffic control. In addition, extending the ACUTA to corridor level was explored in the paper.
Introduction
Traffic congestion adversely affects transportation mobility, energy consumption, and ambient air quality, which are regarded as a major cause that restrains the sustainability of transportation network. With consideration of the increasing traffic demand, United States (US) Federal Highway Administration (FHWA) estimates that by 2020, 29% of urban National Highway System (NHS) routes in the US will be congested for much of the day, and 42% of NHS routes will be congested during peak periods (CamSys 2005) . As a result of congestion, transportation related emissions already accounted for 82% of carbon monoxide (CO) and 56% of nitrogen dioxide (NO 2 ) emissions as of 2002 (Yu et al. 2009 ).
One of the key bottlenecks that cause traffic congestion is signalized intersections. Particularly, urban signalized intersections have been identified as a major source of vehicle emissions, as congestion along with complex vehicle activities including stop-and-go, deceleration, idling, and acceleration lead to more pollutant emissions (Pandian et al. 2009; Mahmod et al. 2013) . Solutions are needed which can reduce intersection congestion and the resulting traffic-induced emission under the rapidly increasing traffic demand in the future. Key to such solutions is keeping traffic moving through the intersections with reduced stops.
The availability of the maturing technologies of autonomous vehicles and Vehicle-To-Infrastructure (V2I) communications provides technical feasibility to develop solutions to improve mobility and sustainability of urban intersections. Particularly, autonomous vehicles with V2I capabilities make it possible to eliminate traditional traffic signals from the intersection, and can possibly increase intersection mobility substantially by fully utilizing the intersection time-space and reduce vehicle stops at intersections. Vehicle emissions and energy consumption are therefore potentially reduced due to the reduced number of vehicle stops at intersections. Additionally, from a safety perspective, considering that 90% of road crashes are attributed to driver errors (NHTSA 2013) , autonomous vehicles are also potentially effective in reducing intersection related crashes.
In summary, a synergistic combination of autonomous vehicles and V2I communication technologies in intersection traffic control is promising in reducing vehicle stops, delays, energy consumption, vehicle emissions, and crashes at intersections, which may lead to solutions to sustainable next-generation intersections. This paper is aimed at quantifying the sustainability benefit offered by next-generation intersections that incorporate autonomous vehicles and V2I communication technologies. Specifically, the potential reduction in pollutant emission and energy consumption is evaluated and compared with traditional intersection control strategies.
Literature Review
Autonomous vehicles are vehicles without human intervention (in-vehicle or remote) and are capable of driving in highway systems by performing complex tasks such as merging, weaving, and driving through intersections. Many automotive manufacturers including General Motors, Ford, Mercedes-Benz, Volkswagen, Audi, BMW, Volvo and Cadillac have already begun testing their autonomous vehicle on highway systems (Wikipedia 2014a) . Google is also developing and testing its Google driverless car (Wikipedia 2014b) . As of 2012, Florida, Hawaii, Nevada, Oklahoma, and California of the US have legalized or are considering legalization of autonomous cars. All these facts indicate that the autonomous vehicles are set to appear on road in near future. Meanwhile, communication technologies have also achieved rapid advancements in recent years. In the US, Dedicated Short Range Communications (DSRC) protocol, which is widely applied in connected vehicle research, has been validated in terms of its capability in V2I and Vehicle-to-Vehicle (V2V) communications (Hu, Gharavi 2011; DoT 2014) .
By employing either V2I or V2V communications, previous studies have investigated both centralized and decentralized strategies for managing autonomous vehicles at intersections (Alonso et al. 2011; Au et al. 2011; Ball, Dulay 2010; Dresner, Stone 2008a , 2008b Fajardo et al. 2011; Quinlan et al. 2010; Shahidi et al. 2011; VanMiddlesworth et al. 2008; Vasirani, Ossowski 2009; Wu et al. 2007 Wu et al. , 2010 Yan et al. 2008 Yan et al. , 2009 ). Centralized control features an intersection controller that regulates the entire intersection. Vehicles only communicate with the central controller to get passing/stopping instructions. Decentralized control typically features negotiationbased control strategy, under which approaching vehicles from different directions communicate with each other to negotiate the passing sequence.
An evaluation study indicated that among all possible solutions to autonomous intersection control, the reservation-based centralized control had the best operational performance in terms of maximizing the intersection capacity and reducing number of vehicle stops and the delay (Wu et al. 2010) . In reservation-based system, intersection is divided into a grid of n-by-n tiles. An intersection central controller, which communicates with all approaching vehicles, decides the passing sequence based on whether certain intersection timespace (in terms of tiles at a certain time) that is needed for a vehicle to traverse through is already reserved by another vehicle (Dresner, Stone 2008a , 2008b Fajardo et al. 2011; Quinlan et al. 2010; Shahidi et al. 2011; VanMiddlesworth et al. 2008) .
In summary, the reservation-based centralized control has been proven to be more effective in reducing vehicle stops when compared with other intersection control strategies for autonomous vehicles. With reduced vehicle stops, the reservation-based control has great potential to reduce vehicle pollutant emission and energy consumption because energy-and emissionintensive behaviour such as stop-and-go, deceleration, idling and acceleration will less likely happen under reservation-based control. According to the review of literature, there is lack of research effort in developing and evaluating autonomous intersection control strategies from the perspective of enhancing sustainability specifically reduced emissions and energy consumption.
Research Objectives
This paper is intended to quantify the sustainability benefit from applying a novel control strategy that manages autonomous vehicles at intersection level. The control strategy applied in this research is an enhanced reservation-based intersection control algorithm (Autonomous Control of Urban TrAffic -ACUTA) for autonomous vehicles (Li et al. 2013b) . The major research objective is two-fold:
-evaluate the sustainability effect from ACUTA measured in energy consumption and vehicle emissions; -compare the single-tile ACUTA with 4-way stop control and multi-tile ACUTA with optimized signal control (pre-timed with minimal intersection delay) to quantify the sustainability enhancement in terms of reduction in energy consumption and vehicle emissions.
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Sustainability-Enhancing Autonomous Intersection Control
ACUTA is an enhanced autonomous intersection control algorithm developed based on the concept of FirstCome-First-Serve (FCFS) reservation-based protocol (Dresner, Stone 2008a , 2008b Li et al. 2013a Li et al. , 2013c . ACUTA introduced several operational enhancement strategies to further reduce vehicle stops and improve the mobility of the original reservation-based control protocol.
The ACUTA Algorithm
ACUTA utilizes a centralized control strategy that manages fully-autonomous vehicles at an intersection. All vehicles in ACUTA are autonomous and communicate only to an intersection controller. An intersection controller regulates the intersection by determining the passing sequence of all approaching vehicles. Specifically, intersection is divided into a mesh of n-by-n tiles, as shown in Fig. 1 , where n is termed as granularity, which is tile density of the intersection mesh. In ACUTA, each approaching vehicle automatically connects to the intersection controller via V2I communications after the vehicle enters the intersection controller's communication range, i.e., 600 ft (183 m), which reflects a reasonable communication range based on the DSRC communication protocol (DoT 2014) . When connected, the vehicle immediately starts to send the intersection controller an intersection reservation request along with the vehicle's location, speed and routing information (i.e., making a left/right turn or going straight), indicating the vehicle's intention to traverse the intersection.
The intersection controller processes the reservation request by running an internal simulation, in which the intersection controller computes the required timespaces for the requesting vehicle to traverse the intersection based on location, speed, maximum acceleration rate, and routing information provided by the requesting vehicle. In the internal simulation, intersection tiles that will be occupied by the requesting vehicle (e.g., the filled tiles as shown in Fig. 1 ) for every 0.1 second of the process the vehicle traversing the intersection. The internal simulation prefers a zero acceleration rate, as energy consumption is minimized if no acceleration is applied.
On the other hand, if acceleration is not considered, the vehicle may have smaller chance to obtain the reservation. Therefore, a balanced strategy is used in ACUTA as a solution to the aforementioned trade-off. The internal simulation first tries the zero acceleration. If conflicts exist between the resulting occupied intersection tiles with an existing reservation, alternative acceleration rates are considered in the internal simulation. If all alternative acceleration rates are tried out and conflicts still exist, the reservation request will be rejected; otherwise, the reservation request will be approved. The intersection controller automatically rejects requests from a vehicle that is following a vehicle that is without a reservation.
After making a decision to reject the reservation request, the intersection controller sends a rejection message to the requesting vehicle with a designated deceleration rate. A vehicle with a rejected reservation request will apply the designated deceleration rate and start to decelerate as soon as the rejection message is received. The vehicle keeps sending reservation requests until the request is finally approved by the intersection controller. In case the reservation request is approved, the intersection controller sends an approval message to the requesting vehicle along with a designated acceleration rate (can be zero) that will result in no conflicts with any existing reservations. Timestamps indicating when to end the acceleration and when to completely clear the intersection are also sent to the vehicle in the approval message. The approved vehicle will follow the acceleration instruction as soon as it receives the approval message until the vehicle completely clears the intersection.
A key process in the ACUTA algorithm was to determine each vehicle's central point location, vehicle boundary locations, and eventually which tiles are occupied by the vehicle. As shown in Fig. 2 , a vehicle's path within the intersection was modelled as arcs whose centre coordinates were known. 
where: x t -x coordinate of the vehicle's central point at time t 
where: Once the central point location was determined, the locations of the vehicle boundaries were determined. system, its coordinates in the global system ( ) , x y can be calculated using a coordinate rotation followed by a coordinate transfer. The formula is given below:
where: When the coordinates of a vehicle's vertices are known, which tiles are occupied by the vehicle were then determined. Fig. 2d depicts a vehicle with all occupied tiles highlighted in red. The criterion to de- termine whether a tile is occupied by a vehicle is: at least one vertex of the tile is inside the vehicle rectangle. In ACUTA, a vector based method is used to decide whether a point falls in the vehicle rectangle. As shown in Fig. 2d 
where: As a tile is bounded by two horizontal lines and two vertical lines, the following equation was used to determine whether a vertex of the vehicle rectangle falls in a tile: In summary, given a tile and a vehicle rectangle, Eqs (4) or (5) were used to determine whether the vehicle rectangle has occupied the tile. If any of the four vertices of the tile satisfies Eqs (4) or (5), the tile is considered occupied by the vehicle.
Enhancement ACUTA Strategies to Minimize Vehicle Stops and Improve Sustainability
In addition to sustainability-friendly strategies mentioned in Section 3.1, that reduce occurrences of vehicle accelerations, such as (1) the zero initial acceleration rate in the internal simulation; and (2) turning from any lanes to avoid lane changes, ACUTA introduced the following two additional enhancement strategies to further reduce vehicle stops at intersection and in turn benefits the reduction of vehicle emission and energy consumption.
-Non-Deceleration Zone (NDZ); -Priority Reservation (PR).
Non-Deceleration Zone (NDZ):
NDZ defines an open upstream-end zone from an advance location from the intersection. There is no upstream boundary for NDZ. Vehicles in NDZ do not need to decelerate even their reservation requests are rejected. The downstream boundary of NDZ is at a location that can ensure that a vehicle can stop with a reasonably high deceleration rate (e.g. 15 ft/s 2 ). The downstream boundary of NDZ is a configurable parameter, which can be set as a specific location, which can assure a comfortable deceleration rate. NDZ can help a vehicle continue to maintain a high traveling speed even though its reservation request is rejected. This gives the vehicle a better chance of obtaining a reservation with a later request and meanwhile reduces possibility of vehicle stops.
Priority Reservation (PR) for queuing vehicles: the PR gives queuing vehicles a better chance to get their reservation requests approved by prioritizing processing of their reservation requests by the intersection manager. Queueing vehicles are defined as vehicles traveling at a speed less than about 10 km/hr. Once PR is activated, vehicles in slowly moving queue have priority for placing reservation requests, which reduces the possibility of vehicle stops at intersections, hence potentially improves vehicle emission and energy consumption.
Type of ACUTA Operations
Granularity of the intersection mesh is one of the most important parameters in the ACUTA system. If the granularity is set to one, the entire intersection is undivided and only one vehicle can occupy the entire intersection at one time. The system in this case is termed as SingleTile ACUTA system. When the granularity is greater than one, the system is termed as Multi-Tile ACUTA system.
Modelling ACUTA in VISSIM
VISSIM is one the most widely used standard microscopic simulation platforms that are used in modelling intersections. Particularly, VISSIM offers flexible customization functions to facilitate building different special applications through VISSIM External Driver Model and COM extensions. All these functions facilitated implement V2I communications and the ACUTA algorithm. The External Driver Model bypasses and replaces VISSIM's internal driving behaviours. During a simulation run, VISSIM calls the External Driver Model DLL at every simulation step to pass the current state of each vehicle to the DLL. The intersection controller was built in the External Driver Model DLL, which collects each vehicle's speed, location, vehicle class, maximum acceleration rate, length, width, and many other parameters pertaining to the particular vehicle at each simulation step. The intersection controller processes all reservation requests at the beginning of each simulation step (0.1 second/step), and passes its decision and the suggested acceleration/deceleration rate to the drivers in the same simulation step. The vehicles then pass their acceleration/deceleration rate back to VISSIM at the same simulation step, thus the real-time control of each vehicle's acceleration rate is realized.
The simulated intersection where the ACUTA operates at is a four-legged intersection with three lanes per direction, as shown in Fig. 3 . Vehicles can turn from any lane in the ACUTA intersection. Therefore, no enroute lane change is required for turning vehicles, thus minimizes the delays due to the conflicts caused by vehicle lane change manoeuvres. Because of the absence of lane changes, each lane in the simulation model is built as a separate link to simplify the complexity of the simulation model. Roadways are assumed to have zero grades in the simulation model.
Each approach of the intersection is more than 2000 ft (610 m) long with a fixed lane width of 12 ft (3.7 m). The volume input of each lane is identical, trying to create balanced traffic demands from all lanes of the intersection. Each lane has three routing decisions: left turn, straight, and right turn. The volume assignments to the routing decisions are the same for all lanes, namely 25% for left turn, 60% for through, and 15% for right turn. The vehicle composition takes 93% passenger cars and 7% heavy vehicles. The speed distribution of traffic is also fixed at a setting equivalent to the 30 mph (48 kph) speed limit. No priority rules, conflict areas, desired speed decisions, reduced speed areas, traffic signals, or stop signs are used in the simulation model, because the traffic control of the entire intersection is governed by the intersection controller only. Vehicle maximum deceleration rate follows the default maximum deceleration rate distribution predefined in VISSIM. Vehicle maximum acceleration rate is set as 9.8 ft/s 2 (3.0 m/s 2 ).
In Fig. 3 , red vehicles are vehicles that do not have a reservation; green vehicles are vehicles that have a reservation and are in the process of passing the intersection; and yellow vehicles are those that have already cleared the intersection. -link average speed; -link drive schedule; -operating mode distribution. Among the three methods under MOVES project level, the method of operating mode distribution requires the most detailed input data, which in turn leads to the most accurate emission estimation (EPA 2010). For evaluating the ACUTA intersection, the operating mode distribution method was used. As MOVES requires input of the distribution of operating mode rather than trajectories, several computational and data manipulation steps were needed. Specifically, the following three spreadsheets are needed as input by MOVES:
Estimating Emission and Energy Consumption of the ACUTA Intersection
Method to Estimate Emission and Energy Consumption
MOVES is US Environmental Protection
-link table that contains link number, length, volume, grade and average speed; -link source type table that contains the proportion of different types of vehicles in the link; -operating mode distribution table that contains the proportion of each type of operating mode bins for each link within a defined study period. To ultimately generate these spreadsheets, interim variables including acceleration rate, Vehicle Specific Power (VSP), and operating mode, need to be computed. The following sections discuss how these interim variables were computed for the ACUTA intersection.
Computation of VSP
VSP is a significant factor for determining a vehicle's operating mode. The equation of VSP is a mathematical representation of engine load against aerodynamic drag, acceleration, rolling resistance, plus the kinetic and potential energies of the vehicle, all divided by the mass of the vehicle (Jiménez-Palacios 1999). Its original equation is in the following form:
( ) In practice, a generic set of coefficients values for estimating VSP for a typical light duty fleet is applied as a useful basis for characterization (Frey et al. 2006; Yao et al. 2013) . VSP is calculated based on only measured speed, acceleration and road grade. The VSP values for light duty vehicles are calculated using the following equation (Frey et al. 2006; Yao et al. 2013 
Computation of Operating Mode
MOVES is based on operating mode distribution to determine emission rates for a project level analysis. In total, MOVES has defined 23 operating modes for estimation of vehicle running exhaust. A vehicle's operating mode is determined by the vehicle's speed and VSP. The detailed definition of each operating mode bins are defined in MOVES User Manual (EPA 2010).
Estimation of Emission and Energy Consumption
With operating mode distribution Default values were used for these data elements. Although MOVES is able to simulate emission by considering several factors, including running exhaust, start exhaust, and tire wear, only running exhaust was considered in this method as it is the most significant type of emission at intersections. In this project, the following elements were estimated using MOVES.
-carbon monoxide; -PM 2.5; -energy consumption.
Estimating ACUTA Sustainability Performance from the Simulation Model
The ACUTA intersection modelled in VISSIM can output trajectory data for each vehicle in the simulation at every 0.1 simulation second. The trajectory data include vehicle speed and vehicle acceleration rate. Both are data elements needed to compute VSP per Eq. (7). Links of the ACUTA intersection simulation model were divided in order to define the MOVES links. Fig. 4 illustrates how MOVES links were defined for the ACUTA intersection. Table 1 lists all links' definition and distance range. The total amount of vehicle emission/energy consumption from all links of the ACUTA intersection was simply computed using the following equation:
where: E -total amount of emission/energy for all links in an hour; N -number of links; E i -amount of emission/energy for link i in an hour.
Results of Sustainability Performance of ACUTA
Sustainability evaluation of the ACUTA was performed by converting the trajectory output from VISSIM into MOVES inputs, and running MOVES to obtain the emission and energy consumption outputs. Both the Multi-tile ACUTA and single-tile ACUTA were evaluated. To investigate the sustainability benefit from implementing ACUTA, sustainability performance of traditional traffic control such as signalized control and four-way stop control were compared with ACUTA.
Multi-tile ACUTA was compared with the optimized signalized control while the single-tile ACUTA was compared with the four-way stop control. To do this, the ACUTA intersection simulation model was converted into a signalized intersection model and a four-way stop intersection model. For the multi-tile ACUTA evaluated, the granularity used was 12.
Multi-Tile ACUTA vs. Optimized Signal Control
The optimized signal control reflects pre-timed signal with signal timing being optimized to achieve the minimal intersection delay based on the volume inputs. Highway Capacity Software 2010 was used to obtain the optimized timing (HCS 2010; HCM 2010) . The optimization was performed as adaptive signal control strategies that automatically change signal timing based on traffic demand via loop detections typically perform much better than the pre-timed signal control. The traffic signal was optimized to achieve a similar (theoretically may be better) performance that can be achieved by making the signal control adaptive, as the optimization was based on the specific input traffic demands and the objective of the optimization was obtaining the minimal intersection delay. Therefore, ACUTA was compared to the best performance that is achievable by an isolated intersection. Three traffic volume conditions, 300, 900, 1800 veh/hr/approach, which represent low, moderate, and high, respectively, were used to evaluate the multi-tile ACUTA's and the optimized signal control's sustainability performance. All approaches of the intersection use the same volume input. For each traffic demand condition, five simulation runs with different random seeds were performed for ACUTA and for signal control. Each simulation run lasted 2,100 seconds, with the first 300 warm-up seconds dropped from the evaluation. Table 2 summarizes the detailed optimized signal timing based on the input traffic demands. Tables 3-5 summarize the comparison between multi-tile ACUTA and signalized control in terms of the total amounts of CO emission, PM 2.5 emission, and energy consumption for the entire intersection in an hour.
The comparisons show that replacing signal control with multi-tile ACUTA reduces CO emission by 8.6, 4.9 and 3.0% and PM 2.5 emission by 6.0, 5.2 and 2.6% under low, moderate and high volume conditions, respectively. At the same time, the energy consumption was also reduced by 8.6, 4.9 and 3.0% under low, moderate and high volume conditions.
Single-Tile ACUTA vs. Optimized Four-Way Stop Control
A single-tile ACUTA intersection has an undivided intersection mesh, which means only one vehicle can occupy the entire intersection at a specific instant. Therefore, the single-tile ACUTA system is relatively easier to implement than the multi-tile ACUTA system. The single-tile ACUTA is hence a promising replacement for the Four-Way Stop Control (4WSC), considering that the operational characteristics of both the singletile ACUTA and the four-way stop control are analogous. The major difference between these two control strategies is that the vehicles in the ACUTA system do not necessarily need to stop before their entry into the intersection. However, at a four-way stop intersection, whoever stops at the stop line first gets the right of way. Three traffic volume conditions, 75, 150, 225 veh/ hr/approach, which represent low, moderate, and high volumes, respectively, were used to evaluate the singletile ACUTA's and the four-way stop control's sustainability performance. All approaches of the intersection use the same volume input. For each traffic demand condition, five simulation runs with different random seeds were performed for ACUTA and for 4WSC. Each simulation run lasted 2,100 seconds, with the first 300 warm-up seconds dropped from the evaluation.
Tables 6 through 8 summarize the comparison results in terms of the total amounts of CO emission, PM 2.5 emission, and energy consumption for the entire intersection in an hour.
The comparisons indicate that converting four-way stop into single-tile ACUTA reduces CO emission by 14.3, 15.2 and 16.8% and PM 2.5 emission by 12.2, 16.5 and 18.3% under low, moderate and high volume conditions, respectively. Meanwhile, the energy consumption was also reduced by 16.2, 15.7 and 14.6% under low, moderate and high volume conditions.
Discussions on Corridor Extension of ACUTA
The sustainability performance of the ACUTA algorithm when implemented at an isolated intersection has been extensively investigated in the previous sections. In a long run, the sustainability benefit from autonomous vehicles and ACUTA can be enhanced if the ACUTA can be extended to a corridor and eventually to a network level. This section aims at exploring extending the ACUTA to a corridor level, where adjacent intersections are located with a certain distance.
The ACUTA algorithm is designed to manage traffic for an isolated intersection. The algorithm is generic across different intersections when the geometric information of the intersection is known. The deployment of the ACUTA at an isolated intersection only requires configuring the ACUTA with the specific geometric information pertaining to that particular intersection. Therefore, a simple approach for extending the ACUTA to the corridor level is to treat each intersection along the corridor as isolated intersections and directly deploy the isolated-intersection-based ACTUA at each intersection of that corridor. The concept of this approach is illustrated by Fig. 5 .
As shown in Fig. 5 , each intersection along the corridor has a separate ACUTA intersection manager deployed. There is no communication or coordination between these adjacent intersection managers. Each intersection manager independently processes the reservation requests from the approachinsg vehicles that enter the communication range of its managed intersection. On the other hand, coordination of closely spaced ACUTA intersections could reduce stops because the approaching vehicles' speed and location information would be received by the downstream intersection man- ager from the upstream intersection manager before the vehicles would enter the communication range of the downstream intersection. In this case, the reservation request would be pre-placed by a vehicle before the vehicle enters the communication range of the downstream intersection. Optimization strategies could also be applied to achieve minimized system emissions with the intercommunication mechanism between the intersections. The sustainability effects of corridor-based coordination and optimization will be investigated in future research.
Conclusions
The sustainability comparison between ACUTA and traditional intersection traffic control revealed that the autonomous vehicle and V2I communication technologies empowered ACUTA has great potential in reducing both pollutant emission and energy consumption at intersections. Specific benefits of implementing ACUTA are summarized as follows:
-Compared with optimized signal control, multitile ACUTA reduces CO and PM 2.5 emissions by about 5% under low to moderate volume conditions and by about 3% under high volume condition. Meanwhile, energy consumption is reduced by about 4% under low to moderate volume conditions and by about 12% under high volume condition. -Compared with four-way stop control, singletile ACUTA reduces CO and PM 2.5 emissions as well as energy consumption all by about 15% under any prevailing volume conditions. In conclusions, when applied appropriately, the next-generation vehicle technologies such as autonomous vehicle and V2I communications can bring great sustainability benefits at urban intersections, especially when both technologies are applied in combination. ACUTA is one particular example of such applications. The benefit in reducing emission and energy consumption majorly comes from the reduced number of vehicle stops at the ACUTA intersection. Future research will be focused on exploring avenues that can optimize the ACUTA algorithm by maximizing the sustainability benefit and evaluating the extended ACUTA to a corridor level.
